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Abstract
Quantum theories of gravity help us to improve our insight into the grav-
itational interactions. Motivated by the interesting effect of gravity on the
photon trajectory, we treat a quantum recipe concluding a classical interac-
tion of light and a massive object such as the sun. We use the linear quan-
tum gravity to compute the classical potential of a photon interacting with
a massive scalar. The leading terms have a traditional 1/r subordinate and
demonstrate a polarization-dependent behavior. This result challenges the
equivalence principle; attractive and/or repulsive interactions are admissible.
1 Introduction
Regarding the direct detection of gravitational waves by the Advanced Laser Inter-
ferometer Gravitational-wave Observatory (LIGO), one finds that the Newtonian
law is not suitable for the high gravity regimes such as black hole systems.1, 2 In
addition, one of the challenging subjects in our solar system is the investigation of
Newtonian deviation of gravitational potential. In this regard two interesting theo-
ries were presented, the so-called MOND and Einstein general relativity.3–5 These
theories predict deviations of 1/r law and deflection of light by the sun as well.
Quantum gravity theories can also be used to obtain quantum corrections for
Newtonian potential. Investigating the various interactions between photons and
other fields, the gravitational potential may be derived using the field theory ap-
proach. These studies provide some modifications to the potential.
In this paper, we investigate the effect of light polarization on the interaction
of photons with a massive body such as the Sun. Surprisingly, we can obtain a
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new additional term which is originated from the light polarization. It is notable
that such additional polarization term can be expressed based on the quantum
prescription.
A complete theory of the quantum gravity is not performed yet, however, endeav-
ors are heavily pursued toward this end. Most candidate theories for the quantum
gravity, just predict an inappreciable gravitational effect on small extents, where
the standard model works very well. So, one may regard that quantum gravity is a
mere theoretical scramble?
Graviton—a massless boson of spin 2—is the common point of all quantum
gravity models, that mediates the gravitational interactions.6 Between the different
theories of quantum gravity, the effective field theory is capable of renormalization,7, 8
and could be realized through experimental means.
The problem of divergences in quantum gravity, specially the infrared diver-
gences, has been discussed by many authors in several methods.9–17 In the case of
massless particles coupled to gravity, infrared divergences—soft-infrared and collinear
singularities—arise, originating from long-range low-energy degrees of freedom. Wein-
berg showed that the scattering of spin-zero fields is infrared finite, even the fields
are massless.9 Moreover, he showed that the collinear divergences vanish after the
sum over all diagrams with Eikonal approximation, and the remaining soft infrared
divergences are removable as well. References 9 and 10 have emphasized that the
infrared divergences in all levels originate from one-loop divergences, and these di-
vergences at one-loop level can be eliminated.11 Evidence shows the gravitational
effective theory is well-behaved in the infrared, and there is no reason to be worried
about the divergences, especially at tree-level.
An effective quantum field theory of gravity is written in the weak gravitational
field, where the gravity is supposed to be a linear theory. Based on the effective
quantum field theory, one may drive the appropriate vertices and propagators to
obtain the scattering amplitudes by using the Feynman rules. The scattering am-
plitudes contain two types of components, analytic and non-analytic terms. The
analytic terms correspond to the local short-distance interactions, while the non-
analytic terms are responsible for non-local long rang interactions described by the
non-relativistic potential.7, 18
In Ref. 19, up to one loop calculation and considering given non-analytic terms,
the quantum corrections to the Newtonian potential between two massive scalar
object are obtained. For two spin-1/2 charged massive fermions,20 and two mas-
sive charged scalars,21 scattering amplitudes are calculated for both Newtonian and
Coulomb potentials. The final results of all papers show that they are in agree-
ment upon Newtonian and post-Newtonian terms as predicted by general relativity.
In Refs. 22 and 23, authors have calculated the gravitational and electromagnetic-
gravitational effects of long distance potential for two massive bodies of different
spins, wherein they have recognized spin-independent, spin-orbit, and spin-spin de-
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pendent contributions to potential.
In addition, authors of Ref. 24 have been used some modern techniques em-
ploying spinor-helicity variables and on-shell unitarity method at the one-loop level
for computing post-Newtonian and quantum corrections of the gravity. Later in
Refs. 25 and 26, they applied this method to study the scattering of light and light-
like particles of different spins (spin-0, spin-1/2, spin-1), with a heavy scalar (spin-0)
particle such as the sun, calculating the bending angle of the particle grazing the
sun. Regardless of spins, computations are in agreement with the general relativity
up to the post-Newtonian corrections for all the cases. The quantum corrections
come afterwards, where they depend on the spin of particles.
Although the cited papers above (and many others) have done the calculations
up to the one loop, in this paper we calculate the scattering amplitude only in tree
level. In fact, our emphasized conclusion is resulted from tree level. One may use
the loop diagrams and the required vertices to compute the loop corrections. For
the sake of simplicity, we do not carry out this job here.
This paper is organized as follow: in section 2, we introduce the effective theory
of quantum gravity. Section 3 is devoted to explaining the rule of extracting the
classical potential of gravity from scattering amplitude. In section 4, we calculate
the scattering amplitude of a photon and a massive scalar thoroughly. We obtain
the potential in the classical limit and introduce the leading terms for the interaction
of light and a massive body in section 5. At last, we finish the paper with some
conclusions.
2 Effective Field Theory of Gravity
We consider the quantum electrodynamics and the massive scalar field Φ are coupled
to General Relativity via the Lagrangian
L =
√−g
[
2
κ2
R− 1
4
FµνFρσg
µρgνσ +
(
1
2
gµν∂µΦ∂νΦ−
1
2
M2Φ2
)]
+ · · · (1)
where g is the determinant of the metric tensor gµν , R is the Ricci scalar, the
electromagnetic field is Fµν = ∂µAν − ∂νAµ and the constant κ is related to the
gravitational constant as κ2 = 32πG. To linearize L , we suppose gµν = g¯µν + κhµν ,
where g¯µν is a background metric, and hµν is the fluctuation in the gravitational
field. In fact, some more extra terms (gauge-fixing and ghost field Lagrangians) are
needed to quantize the gravitational field.7
In this paper, we worked in the Natural Units, so we choose ~ = c = 1, and
the Minkowski metric is ηµν = diag(+1,−1,−1,−1). So one can expand the right-
hand side of Eq. (1) with respect to hµν (or κ), and keep the required leading order
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terms for the linear theory. Then, it is straightforward to write down the Feynman
rules,7, 28 in which we will address them in the appendix, briefly.
3 Scattering Amplitude and Gravitational Poten-
tial
One can use the Feynman rules to calculate the scattering amplitudeM. As stated
in Ref. 7, scattering amplitude in momentum space is expressed in powers of q2.
The terms proportional to positive powers of q2, are so-called analytical terms and
correspond to local interactions. These terms are related to large momentum trans-
fer, which are not in our attention in this work. The other terms inM, are so-called
non-analytical terms which are corresponding to non-local long range interactions.
In the classical limit, the potential with negative powers of r comes from these terms,
which are our interest in this work.
The classical potential can be constructed from quantum gravity by various
methods. In Ref. 29 author has used the technique of Wilson loop to find an expres-
sion for the potential energy in terms of vacuum expectation value of a quantized
gravitational field. In addition, there is a simple and useful prescription to define the
potential energy from scattering amplitudes. Moreover, in Ref. 30 Iwasaki has used
the Born approximation to conclude the potential via the inverse Fourier transform
of scattering amplitude
V (r) = N
∫
d3q
(2π)3
e−iq·rM(q), (2)
where N is a normalization factor which should be fixed.
4 Gravitational Scattering of a Photon and a Mas-
sive Scalar Field
Now we want to study the scattering of a photon by a massive scalar. In this
regard, we use the Feynman diagram in tree level (Fig. 1) and use the Feynman
rules and propagators and vertices in the appendix. The scattering amplitude is
written simply as below
iM(q) = ǫγi τµνγδ(p3, p4) ǫ∗δf
[
iPµναβ
q2
]
ταβ(p1, p2,M), (3)
where p1 and p2 are initial and final 4-momenta of the massive scalar field with mass
M , and p3 and p4 are initial and final 4-momenta of photon
(p1p1) = (p2p2) = M
2, (p3p3) = (p4p4) = 0, (4)
4
p3 p4
q
p1 p2
M
Figure 1: Scalar-photon scattering at tree level.
and ǫi and ǫf are photon initial and final polarization vectors, where satisfy the
relations
(ǫi p3) = (ǫ
∗
f p4) = 0, (5)
and the transferred momentum is
q = p1 − p2 = p4 − p3. (6)
The graviton propagator and scalar-scalar-graviton and photon-photon-graviton ver-
tices are introduced in the appendix.
Replacing from (26)–(28) in Eq. (3), after contracting indices, we receive to
iM(q) = iκ
2
2q2
{
(p3p4)
[
(ǫip1)(ǫ
∗
fp2) + (ǫip2)(ǫ
∗
fp1)
]
+(ǫiǫ
∗
f ) [(p1p3)(p2p4) + (p1p4)(p2p3)− (p1p2)(p3p4)]
+(p1p2)(ǫip4)(ǫ
∗
fp3)− (p1p3)(ǫ∗fp2)(ǫip4)− (p1p4)(ǫip2)(ǫ∗fp3)
−(p2p3)(ǫ∗fp1)(ǫip4)− (p2p4)(ǫip1)(ǫ∗fp3)
}
. (7)
It is interesting to see the Eq. (7) in a more symmetrical form
iM(q) = iκ
2
2q2
{
(ǫiǫ
∗
f ) [(p1p3)(p2p4) + (p1p4)(p2p3)− (p1p2)(p3p4)]
+(p1p2)
[
(ǫip4)(ǫ
∗
fp3) + (ǫip3)(ǫ
∗
fp4)
]
+(p3p4)
[
(ǫip1)(ǫ
∗
fp2) + (ǫip2)(ǫ
∗
fp1)
]
−(p1p3)
[
(ǫ∗fp2)(ǫip4) + (ǫ
∗
fp4)(ǫip2)
]
−(p1p4)
[
(ǫip2)(ǫ
∗
fp3) + (ǫip3)(ǫ
∗
fp2)
]
−(p2p3)
[
(ǫ∗fp1)(ǫip4) + (ǫ
∗
fp4)(ǫip1)
]
−(p2p4)
[
(ǫip1)(ǫ
∗
fp3) + (ǫip3)(ǫ
∗
fp1)
]}
. (8)
Using relations (5) and (6), we substitute from
(ǫip2) = (ǫip1)− (ǫiq), (ǫip4) = (ǫiq),
(ǫ∗fp2) = (ǫ
∗
fp1)− (ǫ∗fq), (ǫ∗fp3) = −(ǫ∗fq),
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in (7), and use 2(p1q) = q
2, and (p1p4) + (p2p4) = (p1p3) + (p2p3), (after a bit
rearrangement) to get
iM(q) = iκ
2
2q2
{
2(ǫip1)(ǫ
∗
fp1)(p3p4)−
[
(ǫip1)(ǫ
∗
fq) + (ǫ
∗
fp1)(ǫiq)
]
(p3p4)
+
[
(ǫip1)(ǫ
∗
fq)− (ǫ∗fp1)(ǫiq)
]
[(p1p3) + (p2p3)]
+(ǫiǫ
∗
f ) [(p1p3)(p2p4) + (p1p4)(p2p3)− (p1p2)(p3p4)]
−(ǫiq)(ǫ∗fq) [(p1p2)− (p1p3) + (p1p4)]
}
. (9)
We can verify the following identity
ǫ∗fα(ǫiq)− ǫiα(ǫ∗fq) =
2(p3 + p4)α
q2
(ǫiq)(ǫ
∗
fq)−
4iE
q2
ǫαβγδ p
β
3q
γSδ, (10)
where Sα is defined as below
Sα =
i
2E
ǫαβγδ ǫ
∗β
f ǫ
γ
i (p3 + p4)
δ. (11)
Replacing from the identity (10) in (9) we find
iM(q) = iκ
2
2q2
{
2(ǫip1)(ǫ
∗
fp1)(p3p4)−
[
(ǫip1)(ǫ
∗
fq) + (ǫ
∗
fp1)(ǫiq)
]
(p3p4)
+
[
−2(p1p3) + (p1p4)
q2
(ǫiq)(ǫ
∗
fq) +
4iE
q2
ǫαβγδp
α
1p
β
3q
γSδ
]
× [(p1p3) + (p2p3)]− (ǫiq)(ǫ∗fq) [(p1p2)− (p1p3) + (p1p4)]
+ (ǫiǫ
∗
f ) [(p1p3)(p2p4) + (p1p4)(p2p3)− (p1p2)(p3p4)]
}
. (12)
Using Eqs. (4) and (6), and definition
s = (p1 + p3)
2, (13)
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we can simply derive the following relations
(p1q) = −(p3q) =
1
2
q2,
(p3p4) = −
1
2
q2,
(p1p4) =
1
2
(s−M2 + q2),
(p2p4) =
1
2
(s−M2), (14)
(p2p3) =
1
2
(s−M2 + q2),
(p1p3) =
1
2
(s−M2),
(p1p2) = M
2 − 1
2
q2.
Replacing from Eqs. (14) in Eq. (12), after some simplifications, we achieve the
following relation for the scattering amplitude
M(q) = 8πG
{
−2(ǫip1)(ǫ∗fp1) +
[
(ǫip1)(ǫ
∗
fq) + (ǫ
∗
fp1)(ǫiq)
]
−4(s−M
2 + 1
2
q2)2
q4
(ǫiq)(ǫ
∗
fq) +
8iE(s−M2 + 1
2
q2)
q4
ǫµβγδp
µ
1p
β
3q
γSδ
−(ǫiq)(ǫ∗fq)
2M2
q2
+(ǫiǫ
∗
f )
[
(s−M2)2 + sq2
q2
]}
, (15)
where we have replaced κ2 = 32πG. From Eq. (15) we can deduce the non-analytic
terms of scattering amplitude
M(q) ≃ −8πG
{
−(ǫ∗f ǫi)
(s−M2)2
q2
+ 4(ǫ∗fq)(ǫiq)
(s−M2)2
q4
+2(ǫ∗fq)(ǫiq)
(2s−M2)
q2
− 8iE (s−M
2 + 1
2
q2)
q4
ǫµβγδ p
µ
1p
β
3q
γSδ
}
. (16)
In the following, we consider some simplifications to reach the classical limit.
We assume the massive scalar is too heavy and at rest, and the collision is elastic,
hence the initial and final energies of the photon remain unchanged. Under these
circumstances we have
p1 ≃ 0 ≃ p2, p01 ≃ p02 ≃M,
p03 ≃ p04 = E, p3 · p3 ≃ p4 · p4 = E2, (17)
q = p4 − p3, q0 = p01 − p02 = p04 − p03 ≃ 0.
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We suppose two transverse linear polarization for photon, so the relations (5) read
as
ǫˆi · p3 = ǫˆf · p4 = 0. (18)
Replacing from Eqs. (17) and (18) in (16), we are led to
M(q) ≃ −8πG
{
−ǫˆf · ǫˆi (s−M
2)2
q2
+ 4(ǫˆf · q)(ǫˆi · q)(s−M
2)2
q4
−2(ǫˆf · q)(ǫˆi · q)(2s−M
2)
q2
− 8iE (s−M
2 − 1
2
q2)
q4
ǫµβγδ p
µ
1p
β
3q
γSδ
}
.(19)
From Eqs. (4), (13) and (17), we can investigate the following approximations
s ≃M2 + 2ME,
S0 ≃
i
2E
(p3 + p4) · (ǫˆi × ǫˆf),
S ≃ iǫˆi × ǫˆf , (20)
ǫµβγδ p
µ
1p
β
3q
γSδ ≃ −Mǫijkpi3qjSk = MS · q× p3.
So Eq. (19) is simplified as below
M(q) ≃ −8πG
{
−ǫˆf · ǫˆi
4M2E2
q2
+ 4(ǫˆf · q)(ǫˆi · q)
4M2E2
q4
−2(ǫˆf · q)(ǫˆi · q)
(M2 + 4ME)
q2
−4iEM (4ME − q
2)
q4
q× p3 · S
}
.(21)
Taking into account Eq. 21, it is notable that the first term is the Newtonian po-
tential term and the second and fourth terms come from identity (10) and former
has a part like the Newtonian term, while the third and fourth terms related to the
angular momentum.
5 Potential
Now we are in a position to calculate the classical gravitational potential. Inserting
Eq. (21) into Eq. (2) and using the Fourier transformation (see Eqs. (29)–(33) in
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the appendix for more details), we obtain
V (r) ≃ −8πGN
{
−ǫˆf · ǫˆi4M
2E2
4πr
+4(ǫˆf · ǫˆi)4M
2E2
8πr
− 4(ǫˆf · r)(ǫˆi · r)4M
2E2
8πr3
−2 1
4π
(ǫˆf · ǫˆi)(M
2 + 4ME)
r3
+ 2
3
4π
(ǫˆf · r)(ǫˆi · r)(M
2 + 4ME)
r5
−4iEM−i
8π
4ME
r
r× p3 · S +4iEM−i
4π
1
r3
r× p3 · S
}
. (22)
In our case study, the normalization factor for the massive scalar and massless
photon is chosen as N = 1/
√
(2E12E22E32E4) = 1/4ME. Simplifying Eq. (22), we
find
V (r) ≃ ǫˆf · ǫˆi−2GME
r
+ (ǫˆf · r)(ǫˆi · r)4GME
r3
+(ǫˆf · ǫˆi)
G(M/E + 4)
r3
− (ǫˆf · r)(ǫˆi · r)
3G(M/E + 4)
r5
+
4GME
r
r× p3 · S−
2G
r3
r× p3 · S. (23)
Eq. (23) is supposed to be valid in the classical limit, since we have used the linear
approximation of gravity. These expressions show that, interestingly, the polariza-
tion has considerable effects on the gravitational potential. Comparing our result
with Ref. 22 (for a massive spin-1 particle in the field of a massive scalar particle),
we find that the first term in Eq. (23) is in agreement with the general relativity.
The second term is the main interesting result of this paper. This is a 1/r term, that
will not be affected by a further consideration on calculating the loop corrections.
Against the first term, this is a repulsive term of the same order. In Ref. 22, within
the non-relativistic limits, the transferred momentum is neglected in comparison
with the masses in theory, so the results lack such a term.
In Refs. 25 and 26 (see Ref. 27 as well), for massless particles interacting massive
particles, the computations are done independently of spin and polarization orien-
tations. For the bending angle of the light grazing the sun, the leading and even the
next to the leading terms are in full agreement with the general relativity.
6 Conclusions
In quantum field theory, the interaction of figure 1 is computed for a time duration
of ∆t = ~/E. So, in the classical limit, we can accept that the polarization of the
9
photon does not change within such a ∆t ∼ 0, i.e. we can choose ǫˆi = ǫˆf ≡ ǫˆ. In this
limit S (Eqs. (20)) vanishes, therefore the last two terms in Eq. (23) are annihilated.
For the large r, the first two terms in Eq. (23) are the leading terms in negative
powers of r,
V (r) ≃ −2GME
r
+ (ǫˆ · r)24GME
r3
. (24)
That is a distinguished result. We emphasize that Eq. (24) is derived from tree-
level amplitude, and loop corrections do not change the result. The first term in
Eq. (24) is the usual inverse distance law of gravitational potential for a photon in
the field of a mass M predicted by general relativity. The second term in Eq. (24)
is a polarization dependent expression of 1/r dependence.
The first thing that comes into sight is the difference between the signs of two
terms; while the first term is attractive, the second term is repulsive. Meanwhile,
the coefficient of the new term is twice as large as the first. Eq. (24) can be rewritten
in the form
V (r) ≃ −2GME
r
(1− 2 cos2 γ) = 2GME
r
cos(2γ), (25)
where γ ∈ [0, π] is the angle between r, the position vector of the photon (light),
and its polarization. Depending on the orientation of the polarization vector with
the line connecting the photon and the scalar particle, the net force on the photon
can be either attractive or repulsive.
According to the potential (24), we may assume a plane of motion for a photon
around the “sun”. With the polarization of photon perpendicular to this plane at
far past, it remains perpendicular to the plane at a later time. In this case, we
dealt with the usual attractive gravitational force. Accordingly, the bending of light
around the sun is calculated via the first term in (24), which is predicted by the
general relativity a century ago.
If the polarization vector of light stays in the plane of motion, the second term
plays an important role. To illustrate the problem, suppose a beam of light is coming
far from the sun, where the position vector of light and its momentum vector are
parallel. So the polarization vector of light is perpendicular to the position vector,
and the light feels only an attractive force from the sun. With light becoming
closer, the polarization vector makes an angle θ with the position vector r, so a
contradictory force presents itself, playing a role in deflection. When the light has
the smallest distance from the sun, i.e. at perihelion that r is perpendicular to the
light path, the net force is repulsive, and its magnitude is equal to the traditional
attractive force.
Potential (24), makes different patterns for deflection of light. These new pat-
terns can be tested in a solar eclipse. Potential (24) affects the gravitational lensing
as well. We will discuss these items in a next paper.
10
A Propagators, Vertices and useful Fourier trans-
formations
A.1 Graviton propagator
αβµν =
iPµναβ
q2
,
Pµναβ ≡ 1
2
(ηµαηνβ + ηµβηνα − ηµνηαβ). (26)
A.2 Scalar-scalar-graviton vertex
q
p1
p2
Mµν = τµν(p1, p2,M)
= −iκ
2
[
p1µp2ν + p1νp2µ − ηµν(p1 · p2 −M2)
]
. (27)
A.3 Photon-photon-graviton vertex
p1
q
p2
γ
δ
µν = τµνγδ(p1, p2)
= iκ
{
Pµνγδ(p1 · p2) + 1
2
[ηµνp1δp2γ + ηγδ(p1µp2ν + p1νp2µ)
−(ηµδp2γp1ν + ηνδp2γp1µ + ηνγp2µp1δ + ηµγp2νp1δ)]
}
. (28)
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A.4 Useful Fourier Transformations
∫
d3q
(2π)3
e−iq·r
(
1
q2
)
=
1
4πr
, (29)
∫
d3q
(2π)3
e−iq·r
(
qi
q2
)
= − iri
4πr3
, (30)
∫
d3q
(2π)3
e−iq·r
(
qiqj
q2
)
= − 1
4π
(
3
rirj
r5
− δij
r3
)
, (31)
∫
d3q
(2π)3
e−iq·r
(
qiqj
q4
)
=
1
8π
(
δij
r
− rirj
r3
)
, (32)
∫
d3q
(2π)3
e−iq·r
(
qi
q4
)
= − iri
8πr
. (33)
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